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Edited by Lukas HuberAAbstract UV-induced matrix metalloproteinases (MMPs)
cause connective tissue damage and the skin to become wrinkled
and aged. Here, we investigated the eﬀect of 2 0,4 0,7-trihydroxyi-
soﬂavone (THF) on UV-induced MMP-1 expression in human
skin ﬁbroblasts (HSFs). We found that UV irradiation increases
MMP-1 expression and that this is mediated by ERK and JNK
activation, but not by p38 activation. Pretreatment of HSFs with
2 0,4 0,7-THF inhibited UV-induced MMP-1 expression in a dose-
dependent manner, and also inhibited the UV-induced activations
of ERK and JNK by inhibiting MEK1 and SEK1 activation,
respectively. Moreover, inhibitions of ERK and JNK by
2 0,4 0,7-THF resulted in the decrease of c-Fos expression and c-
Jun phosphorylation/expression induced by UV, respectively,
which led to the inhibition of UV-induced AP-1 DNA binding
activity. This inhibitory eﬀect of 2 0,4 0,7-THF on MMP-1 was
not mediated by an antioxidant eﬀect. In conclusion, our results
demonstrate that 2 0,4 0,7-THF can inhibit UV-induced MMP-1
expression by inhibiting the MEK1/ERK/c-Fos and SEK1/
JNK/c-Jun pathways. Therefore, 2 0,4 0,7-THF is a potential
agent for the prevention and treatment of skin aging.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: 2 0,4 0,7-Trihydroxyisoﬂavone; Ultraviolet radiation;
Matrix metalloproteinase-1; Human skin ﬁbroblastR
1. Introduction
The skin aging process is commonly associated with in-
creased wrinkling, sagging, and laxity, and is considered to
consist of two components; intrinsic aging and extrinsic aging,
the latter of which is referred to as photoaging. Damage to hu-
man skin due to repeated exposure to ultraviolet-A (mainly
350–390 nm), B (mainly 311 nm) radiation and damage occur-
ring as a result of the passage of time are considered to be dis-
tinct entities rather than similar skin aging processes [1].
Extracellular matrix (ECM) macromolecules are important
for creating the cellular environments required during develop-
ment and morphogenesis.
The matrix metalloproteinases (MMPs) are a family of
structurally related zinc and calcium-dependent endopeptid-
ases, which are capable of degrading a wide variety of ECM
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doi:10.1016/j.febslet.2005.12.094components. Based on structure similarities and substrate
speciﬁcity, MMPs were divided into subclasses including colla-
genases, gelatinases, stromelysins, matrilysins, membrane type-
MMPs and other non-classiﬁed MMPs [2]. MMPs are
frequently overexpressed by the various extracellular stimuli
including growth factors, cytokines, tumor promoters, UV,
and this increase in MMP-related activities may be involved
in the pathogenesis of diseases such as cancer and inﬂamma-
tion as well as in physiologic processes [3]. Moreover, the
expressions of various UV-induced MMPs in skin ﬁbroblasts
lead to the breakdown of collagen and other ECM proteins
and are thus related to photoaging in human skin [3,4].
The MAP kinase signal transduction pathways play an
important role in regulating a variety of cellular functions,
including MMP expression [5]. Researchers have investigated
the molecular mechanisms underlying the induction of MMPs
after exposure to UV irradiation. Fisher et al. suggested that
UV radiation activates growth factor receptors, which induce
the activation of protein kinase cascades, like the MAPK cas-
cade [4]. This activation is then succeeded by an increase in the
expression of the c-Jun and c-Fos, which form the AP-1 com-
plex. Transcriptions of several MMPs including MMP-1,
MMP-3, and MMP-9 are regulated by AP-1. The downstream
eﬀectors of the MAP kinases include several transcription fac-
tors, such as Elk-1, c-Fos, and c-Jun. For formation of AP-1
complex, Jun proteins (c-Jun, Jun B, and Jun D) form homo-
dimers or heterodimers with Fos protein (c-Fos, Fos B, Fra-1,
and Fra-2) [6]. The transcriptional activity of AP-1 is also
dependent on the degree of phosphorylation of c-Jun and
expression of c-Fos as well as their abundance. Moreover, ele-
vated AP-1 activity is responsible for the degradation of ECM
proteins, such as collagen, by inducing MMPs.
ROS generation plays a critical role in the MAP kinase-med-
iated signal transduction triggered by UV [7]. In addition,
ROS increases MMP-1 expression in human skin ﬁbroblasts
(HSFs) [8], and ROS scavengers inhibit UV-induced AP-1 acti-
vation and MMP-1 expression [9]. Recently it was reported
that UV rapidly and signiﬁcantly increases H2O2 levels in hu-
man skin in vivo, suggesting that an early increases in ROS
may participate in the triggering of the MAP kinase cascade,
and that topical treatment with antioxidants, e.g., genistein
and NAC, may interrupt the activation of MAP kinase path-
ways, and thus inhibit UV-induced MMP expression in human
skin in vivo [10]. It is known that the unstable x3 polyunsat-
urated fatty acids can quench ROS and protect cellular struc-
tures from oxidative damage [11].
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reported to reduce UV-induced MMP-1 expression, but not
MMP-2, at the both mRNA and protein levels in a dose-
dependent manner by HSFs [12]. The aims of the present study
were to examine the eﬀect of 2 0,4 0,7-THF on UV-induced
MMP-1 expression in cultured HSFs and to reveal the signal-
ing pathway changes through which 2 0,4 0,7-THF inhibits UV-
induced MMP-1 expression.2. Materials and methods
2.1. General experimental procedures
2 0,4 0,7-THF was isolated as pure compound (purity > 99.9%) from
Viola hondoensis as described previously [12]. All inhibitors (U0126, a
MEK1-speciﬁc inhibitor; SP600126, a JNK-speciﬁc inhibitor; and
SB203580, a p38-speciﬁc inhibitor) were purchased from Calbiochem
(San Diego, CA). Anti-human MMP-1 antibody was purchased from
Oncogene (Boston, MA) and anti-phospho-SEK1, anti-phospho-JNK,
anti-phospho-MEK1, anti-phospho-ERK, anti-phospho-MKK3/6,
anti-phospho-p38, anti-phospho-c-Jun, anti-c-Fos, and anti-phospho-
Elk-1 antibodies were purchased from Cell Signaling Technology (Bev-
erly, MA). Anti-JNK2 and anti-actin antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA).
2.2. Cell culture, 2 0,4 0,7-THF treatment, and UV irradiation
HSFs were isolated from young foreskins and cultured in monolay-
ers at 37 C, 5% CO2 using DMEM containing 10% fetal bovine serum
(FBS). Human foreskin ﬁbroblasts were cultured using the same med-
ium and conditions. For all experiments, cells were cultured to 80%
conﬂuence and then starved in DMEM containing 0.05% FBS for
36 h. 2 0,4 0,7-THF was dissolved in DMSO (10 mM), and diluted with
culture media at the indicated concentrations (ﬁnal DMSO concentra-
tion, 0.1%), and used to pretreat cells for 24 h before UV irradiation.
After pretreatment cells were washed with phosphate-buﬀered salineA
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Fig. 1. The roles of MAP kinases (ERK, JNK, and p38) in UV-induced MM
various intensities of UV (0–75 mJ/cm2). (B) The UV-exposed cells were cultu
by Western blotting. (C) HSFs were pretreated with U0126 (MEK1 inhib
inhibitor, 10 lM) for 30 min. All experiments were triplicated independently.
the control, §P < 0.05 versus UV-irradiated cells.
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A(PBS) and irradiated with UV in PBS. Philips TL 20W/12 RS ﬂuores-
cent sun lamps (Holland) with an emission spectrum between 275 and
380 nm (peak 310–315 nm) were used as a UV source [13], and a Koda-
cel ﬁlter (TA401/407, Kodak, Rochester, NY) was used to block UVC,
which has wavelengths of <290 nm. UV strength was measured using a
Waldmann UV meter (Model No. 585100, Waldmann, Germany).
2.3. Western blot analysis
Western blotting was performed as described previously [13]. Cells
were lysed with lysis buﬀer (50 mM Tris–HCl (pH 7.4), 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 10 lg/ml aprotinin, 10 lg/ml leupeptin, 5
mM phenylmethanesulfonyl ﬂuoride (PMSF), 1 mM DTT) containing
1% Triton X-100. Insoluble debris was removed by centrifugation at
12000 rpm for 10 min, and protein content was determined using
Bradford reagent (Bio-Rad, Hercules, CA). Equal amounts of protein
were resolved in gradient (8–16%) SDS–PAGE gels (Invitrogen, Carls-
bad, CA) and then electrophoretically transferred to polyvinylidene
ﬂuoride (PVDF) membranes (Immobilon P, Amersham, Buckingham-
shire, England). Membranes were subsequently blocked with 5%
skimmed milk in TBS/T (20 mM Tris–HCl (pH 7.6), 137 mM NaCl,
0.05% Tween 20) and incubated with the indicated antibodies. Blotting
proteins were visualized by enhanced chemiluminescence (Amersham).
2.4. AP-1 DNA binding assay
HSFs were pretreated with the indicated concentrations of 2 0,4 0,7-
THF for 24 h, washed with PBS, and irradiated with UV (75 mJ/
cm2) in PBS. After incubation for 10 h, nuclear extracts were prepared
using a modiﬁcation of the method described by Liu et al. [14]. Brieﬂy,
cells were lysed with lysis buﬀer (25 mM HEPES, pH 7.8, 50 mM KCl,
1 mMDTT, 20 lg/ml aprotinin, 20 lg/ml leupeptin, and 5 mM PMSF)
containing 0.5% Nonidet P-40 (NP-40), cytosol fractions were re-
moved by centrifugation, and nuclear pellets were solubilized with
extraction buﬀer (25 mM HEPES, pH 7.8, 500 mM KCl, 1 mM
DTT, 20 lg/ml aprotinin, 20 lg/ml leupeptin, and 5 mM PMSF) con-
taining 1% Nonidet P-40 (NP-40). Equal amounts of nuclear protein
were then subjected to gel shift assay according to the manufacturer’s
instructions (Gel Shift Assay System, Promega, Madison, WI). Brieﬂy,CT
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T4 polynucleotide kinase buﬀer, [c-32P] ATP 10 lCi/ml, and T4 poly-
nucleotide kinase at 37 C for 10 min. Equal amounts of nuclear pro-
teins were added to reaction mixtures, incubated for 10 min at room
temperature, and labeled oligonucleotide was then added. After incu-
bation for 20 min at room temperature, samples were loaded into
6% DNA retardation gels (Invitrogen). Gels were dried and the labeled
complex was visualized by autoradiography.
2.5. Detection of ROS production
HSFs were pretreated with the indicated concentrations of 2 0,4 0,7-
THF for 24 h, washed with PBS, and stained with 30 M DCF-DA
for 30 min. The cells were then irradiated with UV (75 mJ/cm2) whilst
in PBS and harvested by trypsinization. Cells were then washed twice
with PBS and analyzed using a FACScan ﬂow cytometer (FACStar,
Becton–Dickinson, San Jose, CA). All experiments were performed
in triplicate and ROS levels are described as fold increase versus the
vehicle-treated control.
2.6. Statistical analysis
Statistical analyses were performed using the Wilcox rank sum test.
A P-value of less than 0.05 was considered statistically signiﬁcant. All
analyses were performed using Statistical Analysis Software (SAS Inc.,
Cary, NC).3. Results
3.1. The roles of MAP kinases (ERK, JNK, and p38) in
UV-induced MMP-1 expression
UV irradiation induced MMP-1 expression in a dose-depen-
dent manner (Fig. 1A). Three MAP kinases were activated byA
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Fig. 2. The eﬀects of 2 0,4 0,7-THF on UV-induced ERK and JNK activation
2 0,4 0,7-THF for 24 h, washed with PBS, and irradiated with UV (75 mJ/cm2)
MMP-1 expressions were determined in culture media by Western blotting.
THF for 24 h and then irradiated with UV (75 mJ/cm2). After incubation
Western blotting was performed using phospho-speciﬁc MEK1/ERK and S
loading control. All experiments were triplicated independently. Bars represe
UV-irradiated cells.
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AUV within 15 min post-UV irradiation and then decline to the
basal level in HSFs (Fig. 1B). To investigate the roles of ERK,
JNK, and p38 in UV-induced MMP-1 expression, HSFs were
pretreated with U0126 (10 lM, MEK1-speciﬁc inhibitor),
SP600125 (25 lM, JNK-speciﬁc inhibitor), or SB203580
(10 lM, p38-speciﬁc inhibitor) for 30 min and then irradiated
to UV (75 mJ/cm2). UV-induced MMP-1 expression was inhib-
ited by pretreating with U0126 and SP600125 by 79 ± 5% and
97 ± 1%, respectively, but not by SB203580 (Fig. 1C). These
results suggest that the activation of the ERK and JNK path-
ways mediates UV-induced MMP-1 expression in cultured
HSFs.
3.2. The eﬀects of 2 0,4 0,7-THF on UV-induced ERK and JNK
activations
Pretreatment with 2 0,4 0,7-THF inhibited UV-induced MMP-
1 expression in a dose-dependent manner, i.e., by 38 ± 6% at
0.1 lM and 81 ± 2% at 1 lM, versus the only UV irradiated
group (Fig. 2A). We investigated the eﬀects of 2 0,4 0,7-THF
on UV-induced ERK and JNK activations. Pretreatment with
2 0,4 0,7-THF inhibited both ERK and JNK activation, in a
dose-dependent manner, without altering total ERK or JNK
levels (Fig. 2B). We also found that pretreatment with
2 0,4 0,7-THF inhibited the UV-induced phosphorylation of
MEK1/2 and SEK1, which are the upstream kinases of ERK
and JNK, respectively, (Fig. 2B). These results suggest that
inhibition of the MEK1/ERK and SEK1/JNK pathways by
2 0,4 0,7-THF might attenuate UV-induced MMP expression.
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for 30 min, total cell lysates were prepared as described in Section 2.
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C
772 H.-I. Moon, J.H. Chung / FEBS Letters 580 (2006) 769–774
D3.3. The eﬀects of 2 0,4 0,7-THF on UV-induced AP-1 activity
To investigate the eﬀects of 2 0,4 0,7-THF on UV-induced AP-
1 activity, pretreatment with 2 0,4 0,7-THF inhibited UV-induced
AP-1 DNA binding activity in a dose-dependent manner at
10 h post-UV (Fig. 3A). When pretreated with 2 0,4 0,7-THF
(1 lM), AP-1 DNA binding activity was reduced to
25.4 ± 2% of that in the UV-irradiated group. We investigated
the eﬀects of 2 0,4 0,7-THF on UV-induced c-Jun phosphoryla-
tion/expression and c-Fos expression. UV irradiation induced
c-Jun phosphorylation/expression and c-Fos expression in
HSFs (Fig. 3B), and pretreatment with 2 0,4 0,7-THF inhibited
UV-induced c-Jun phosphorylation and c-Jun expression. Pre-
treatment with 2 0,4 0,7-THF also inhibited c-Fos expression. To
determine how 2 0,4 0,7-THF inhibited UV-induced c-Fos
expression, we investigated whether 2 0,4 0,7-THF inhibits UV-
induced Elk-1 activation, which is closely related to c-Fos
expression [15]. UV radiation rapidly induced the phosphoryla-
tion of Elk-1 and pretreatment with 2 0,4 0,7-THF dramatically
inhibited UV-induced Elk-1 phosphorylation in a dose-depen-
dent manner. The present study demonstrates that the inhibi-
tion of ERK activity by U0126 (MEK1 inhibitor) prevented
UV-induced c-Fos expression in cultured HSFs, without inhib-
iting UV-induced c-Jun phosphorylation. On the other hand,
the inhibition of JNK activity by SP600125 prevented UV-in-
duced c-Jun phosphorylation without inhibiting UV-inducedFig. 3. The eﬀects of 2 0,4 0,7-THF on UV-induced AP-1 activity. (A,B) HSF
DMEM containing 0.1% FBS for 36 h. Cells were then pretreated with the in
PBS and irradiated with UV (75 mJ/cm2) in PBS. After incubation for 10 h, n
(B) Western blotting. (B) Total cell lysates were prepared 30 min after UV r
Elk-1 antibody. Actin was used as a loading control. HSFs were pretreated w
(10 lM, 24 h), washed with PBS, and radiated with UV (75 mJ/cm2) in PBS. U
c-Fos expression levels were determined by Western blotting using actin as
represents means ± S.E. (n = 3). *P < 0.05 versus the control, §P < 0.05 vers
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Ac-Fos expression. These results suggested that MEK1/ERK
pathways are involved in UV-induced c-Fos expression, and
that SEK1/JNK pathways are involved in UV-induced c-Jun
phosphorylation. Therefore, our results indicate that 2 0,4 0,7-
THF suppresses UV-induced AP-1 activation by inhibiting
the MEK1/ERK/c-Fos and SEK1/JNK/c-Jun pathways.
3.4. 2 0,4 0,7-THF inhibits UV-induced MMP-1 expression via an
non-antioxidant eﬀect
To investigate whether 2 0,4 0,7-THF inhibits UV-induced
MMP-1 expression via an antioxidant eﬀect, ROS levels were
measured after 2 0,4 0,7-THF treatment. UV radiation signiﬁ-
cantly increased ROS generation by 392 ± 28% versus the
control (Fig. 4). However, 2 0,4 0,7-THF did not eﬀect this UV-
induced ROS generation or basal ROS levels (Fig. 4). This
result suggests that the inhibition of UV-induced MMP-1
expression by 2 0,4 0,7-THF is not associated with the inhibition
of ROS production.4. Discussion
This study demonstrates that 2 0,4 0,7-THF can inhibit basal
and UV-induced MMP-1 expression in HSFs, and that this
inhibitory eﬀect of 2 0,4 0,7-THF on MMP-1 expression may
Es were cultured in DMEM until 80% conﬂuent and then starved with
dicated concentrations of 2 0,4 0,7-THF for 24 h. Cells were washed with
uclear extracts and total cell lysates were prepared for (A) EMSA and
adiation, and Western blotting was performed using phospho-speciﬁc
ith U0126 (10 lM, 30 min), SP600125 (25 lM, 30 min), or 2 0,4 0,7-THF
V-exposed cells were cultured for 10 h and c-Jun phosphorylation and
a loading control. All experiments were triplicated independently. Bar
us UV-irradiated cells.
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Fig. 4. 2 0,4 0,7-THF inhibits UV-induced MMP-1 expression via an
non-antioxidant eﬀect. HSFs were cultured in DMEM until 80%
conﬂuent, starved with DMEM containing 0.1% FBS for 36 h, and
pretreated with 0.1, 0.5, 1.0 lM. 2 0,4 0,7-THF for 24 h. The cells were
then stained with 30 lM DCF-DA for 30 min and irradiated with UV
(75 mJ/cm2) in PBS. Thirty minutes after UV irradiation ROS levels
were analyzed using a FACScan ﬂow cytometer. All experiments were
triplicated independently. Bar represents means ± S.E. (n = 3).
*P < 0.05 versus the control.
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dent pathways. Photoaging concerns premature skin aging
caused by repeated sun exposure [16]. UVB is known to induce
the expressions of MMP-1, -3 and -9 in the normal human epi-
dermis in vivo [17], and UVA is known to induce the expres-
sions of MMP-1 by dermal ﬁbroblasts, and the expressions
of MMP-1, -2, and -3 in cultured HSFs [18]. In the present
study, we show that UV can induce MMP-1 expression in
cultured HSFs in a dose-dependent manner, and that pretreat-
ment with 2 0,4 0,7-THF before UV treatment inhibits UV-
induced MMP-1 expression. Since collagen deﬁciency in
chronically photodamaged skin may be due to the increased,
repetitive degradation of collagen by UV-induced MMPs,
our results suggest that 2 0,4 0,7-THF treatment may prevent
or ameliorate UV-induced connective tissue damage by pre-
venting UV-induced MMP-1 expression. Also, whereas the
present study shows that the ERK and JNK pathways, but
not the p38 kinase pathway, are involved in UV-induced
MMP-1 expression. Our data indicate that 2 0,4 0,7-THF may
prevent UV-induced MMP-1 expression by inhibiting the
UV-induced activation of ERK and JNK. The downstream
eﬀectors of the MAP kinases include several transcription fac-
tors, such as Elk-1, c-Fos, and c-Jun. The transcription of sev-
eral MMPs, including those of MMP-1, MMP-3, and MMP-9
are regulated by AP-1, which is one of the several transcrip-
tional factors activated by UV [19]. In this study, 2 0,4 0,7-
THF pretreatment was found to attenuate elevations of
c-Jun and c-Fos protein levels by AP-1 DNA binding activity.
Moreover, phosphorylation of c-Jun by JNK is known to stim-
ulate AP-1 transactivation activity. Here, we found that JNK
inhibition by the JNK speciﬁc inhibitor, SP600126, prevented
UV-induced c-Jun phosphorylation, but not c-Fos expression,
R
TRwhich plays an important role in UV-induced AP-1 activity as
a component of the AP-1 complex [20], and which is also in-
duced by various other signals including the ERK-dependent
pathway [15]. In the present study, ERK inhibition by the
MEK1 speciﬁc inhibitor, U0126, prevented UV-induced c-
Fos expression, but not c-Jun phosphorylation. Our results
show that 2 0,4 0,7-THF pretreatment inhibits UV-induced
ERK activation, Elk-1 phosphorylation, and c-Fos expression,
and also that it suppresses UV-induced JNK activation and c-
Jun phosphorylation/expression in cultured HSFs.
ROS generation plays a critical role in the MAP kinase-med-
iated signal transduction triggered by UV [21]. Recently it was
reported that UV rapidly and signiﬁcantly increases H2O2 lev-
els in human skin in vivo, suggesting that an early increases in
ROS may participate in the triggering of the MAP kinase cas-
cade, and that topical treatment with antioxidants, e.g., geni-
stein and NAC, may interrupt the activation of MAP kinase
pathways, and thus inhibit UV-induced MMP expression in
human skin in vivo. It is known that the unstable x3 polyun-
saturated fatty acids can quench ROS and protect cellular
structures from oxidative damage. However, in the present
study, 2 0,4 0,7-THF did not reduce ROS levels which induced
by UV in cultured HSFs. Therefore, we suggest that these
inhibitory eﬀects of 2 0,4 0,7-THF on UV-induced MMP-1
expression are not mediated by its antioxidant eﬀect. In con-
clusion, the present study demonstrates that 2 0,4 0,7-THF
inhibits UV-induced MMP-1 expression by suppressing UV-
induced c-Jun phosphorylation/expression, c-Fos expression
and AP-1 activation, which may be mediated by the inhibition
of MEK1/ERK/c-Fos and SEK1/JNK/c-Jun pathways in cul-
tured HSFs. Therefore, we conclude that 2 0,4 0,7-THF is a po-
tential agent for the prevention and treatment of skin aging.
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